An overview is given on polymer electrolytes based on organo-functionalized polyphosphazenes and polysiloxanes. Chemical and electrochemical properties are discussed with respect to the synthesis, the choice of side groups and the goal of obtaining membranes and thin films that combine high ionic conductivity and mechanical stability. Electrochemical stability, concentration polarization and the role of transference numbers are discussed with respect to possible applications in lithium batteries. It is shown that the ionic conductivities of salt-in-polymer membranes without additives and plasticizers are limited to maximum conductivities around 10 −4 S/cm. Nevertheless, a straightforward strategy based on additives can increase the conductivities to at least 10 −3 S/cm and maybe further. In this context, the future role of polymers for safe, alternative electrolytes in lithium batteries will benefit from concepts based on polymeric gels, composites and hybrid materials. Presently developed polymer electrolytes with oligoether sidechains are electrochemically stable in the potential range 0-4.5 V (vs. Li/Li + reference).
Introduction
There are numerous reasons why polymer concepts are attractive for electrolytes and electrodes in lithium ion batteries. This was soon recognized when the first publications concentrating on polyethylene oxide (PEO) as the solvent had been released [1] [2] [3] [4] . Not much later, the first publications appeared on lithium salt containing polyphosphazenes as electrolytes which showed distinctly higher ionic conductivities as compared to linear PEO [5] [6] [7] . It has already been recognized at early stage that the much higher segmental mobility of these inorganic polymers with the third row element phosphorous was responsible for the improved results. This holds also for the polysiloxanes which tend to exhibit high segmental mobility in connection with a low glass transition temperature. Accordingly, analogous experiments with polysiloxane based polymer electrolytes were published not much later [8, 9] .
A considerable number of general overviews are available describing the developments in the general field of polymer electrolytes since then [10] [11] [12] [13] [14] . The advantages of polymeric solvents for battery electrolytes are evident. Liquid electrolytes are volatile and impose safety problems in current lithium ion batteries. It would be attractive to replace them by incombustible salt-inpolymer materials with no leakage problem. Cross-linked polymer electrolytes result in a safe separation of electrode components, prevent short-circuit in H.-D. Wiemhöfer and minimize the dissolution of electrode components. Furthermore, ion or even mixed conducting polymers may be applied as additives or binders in future electrode structures where they help to stabilize the network of active particles and, at the same time, support ion and/or electron transport within the three-dimensional electrode structures [15] [16] [17] . From a chemical standpoint, polymer properties are fixed by the monomers and their functional groups which determine polarity, degree of inter-and intramolecular interaction, mechanical stability and segmental mobility. In addition, different polymers can be combined in blends or copolymers or used as part of composite or hybrid systems offering a whealth of options to influence the properties. Chemical cross-linking can be used to stabilize the mechanical properties.
This overview focuses on the chemistry and electrochemistry of polyphosphazenes and polysiloxanes as host systems for dissolved salts. The emphasis lies on their use in ion conducting salt-in-polymer membranes, with the background of lithium ion batteries (although, apart from that, a series of proton conducting polyphosphazenes was synthesized and investigated, too, within this research [18] [19] [20] ). This article compiles corresponding research results obtained within the SFB 458 which was devoted to the analysis of ion conduction and ion transport mechanisms in disordered materials. Recent trends and other work regarding ion conducting polyphosphazenes and polysiloxanes will be commented, too.
Polymer electrolytes with inorganic backbones
First of all, we discuss the influence of chemistry on the conductive properties of simple salt-in-polymer systems based on polyphosphazenes and polysiloxanes. The emphasis lies on the choice of grafted side chains and of the lithium Scheme 1. Linear PEO and two polyether-grafted polymers with inorganic backbone are shown (graft copolymers are sometimes also termed comb polymers). The interaction with salt ions and also further properties depend on the choice of the side chains. The inorganic polymer backbones exhibit an exceptional segmental mobility. On the right above: illustration of the salt-inpolymer concept with a graft copolymer; on the right below: liquid OPS. Both, OPS and MEEP are viscous liquids due to an extremely low glass transition temperature (−54 and −83
• C, respectively). salts. Extremely low T g values lead to poor mechanical properties. Therefore, approaches to achieve better mechanical stabilities without depressing the ionic conductivity are an issue lateron.
Basic chemical approach to salt-in-polymer materials
Scheme 1 shows the basic monomeric units of these polymers with inorganic backbone as compared to the archetype of polymer electrolyte solvents, the linear polyethylene oxide (PEO). The main difference is that the hetero atoms Si and P, respectively, carry two sidegroups which can easily be modified by direct substitution or addition reactions with precursor polymers (so-called polymer analogous reactions), by ring opening polymerization of substituted cyclic phosphazenes or cyclic siloxanes, or by polymerization of differently substituted monomers [21, 22] . The two substituents at a P or Si atom may be the same or may differ.
Polyphosphazenes and polysiloxanes, functionalized with varying organic sidechains at the phosphorous and silicon atoms, respectively, are the chemical background of this overview. They are frequently denoted as graft-copolymers, in particular if extended sidechains are used, or as comb polymers. The broad choice of sidegroups offers an enormous variability of properties and a straightforward approach to fine tune the physical and chemical properties. Hence, a particular feature of our work on polysiloxanes and polyphosphazenes was Scheme 2. Popular lithium salts as often used in polymer electrolytes.
to apply synthetic strategies for a flexible and optimized functionalization of polymers intended for ion conducting salt-in-polymer membranes.
The bonding angles of the inorganic backbones −P=N− and −Si−O− are less restricted as compared to carbon based chains. This is the reason for a high segmental mobility and rather low glass transition temperatures.
Mostly, short polyethylene oxide side chains (or: oligoethylene oxide) have been used in ion conducting polyphosphazenes and polysiloxanes. Examples are shown in Scheme 1. Therefore, in all such polymers, the main interaction occurs between the oxygen atoms of the polymer sidechains and the lithium ions whereas the anions remain loosely associated in the vicinity. Thus, the lithium ion mobility is lower than that of the anions, giving rise to a lower cation transference number [23] [24] [25] .
A disadvantage of polyethylene oxide based polymer electrolytes is the low value of the relative permittivity as compared to the polar solvents of conventional liquid electrolytes used in lithium batteries. In order to achieve a high level of dissociation into cations and anions, the choice of the anions for the lithium salts is an important issue as will be demonstrated on various polymer electrolytes in the following. Single charged highly symmetric anions with low basicity are to be preferred. Larger anions that can delocalize the charge over a larger volume are even better. Scheme 2 shows some of the most most frequently used lithium salts in polymer based electrolytes. Note that LiPF 6 cannot be used in the context of polysiloxanes as formation of fluoride ions leads to degradation accompanied by formation of volatile SiF 4 .
Polymer electrolytes based on polyphosphazenes
A great deal of the chemistry of organo-functionalized polyphosphazenes and of corresponding synthetic procedures has been investigated by H. A. Allcock and coworkers starting in the 70s [21] . A common, traditional way of polyphosphazene synthesis was based on the thermally initiated ring opening Table 1 . Synthetic routes to polyphosphazenes.
Synthetic route
Reactands/product data Thermal ring opening N 3 P 3 Cl 6 (250 • C), Allcock et al. [29] high M n , broad PDI Condensation polymerization Cl 3 P=NP(O)Cl 2 , De Jaeger et al. [30] M n = 10 5 g/mol, PDI = 1.5-3.0
Condensation polymerization PCl 5 + NH 4 Cl, Numerous investigators [31] medium M n , very broad PDI Living anionic polymerization (RO) 3 P=NSiMe 3 , Flindt et al. [32] medium M n , PDI = 1.3-2.4
Living cationic polymerization Cl 3 P=NSiMe 3 , controlled M n = Manners, Allcock et al. [33, 34] ( 1 0 3 -10 6 g/mol), narrow PDI M n -number average molar mass in g/mol (= molar mass); PDI -polydispersity in- [21, 26] . A particularly interesting method (last one in Table 1 ) was reported in 1997 consisting of a cationic living polymerization of phosphazene monomers with PCl 5 as chain growth initiator [27] . However, at the beginning, it was quite difficult to synthesize the monomeric phosphazene with the necessary purity according to the available procedures [28] .
In 2002, a remarkable progress was achieved by Wang et al., with a one pot synthesis of the phosphazene monomer Cl 3 P=NSi(CH 3 ) 3 which is illustrated in Scheme 3 [35, 36] . This route is characterized by a remarkably high yield and purity of the monomer which can be used directly and without isolation for a subsequent polymerization after addition of PCl 5 as initiator.
For the work on polyphosphazenes as presented in the following, the monomer synthesis of Scheme 3 was applied as the starting step towards the preparation of our polymeric precursor (NPCl 2 ) n [37, 38] . The yield of the polymerization normally reached 80-90% of the monomer and the average molar mass was well controlled by the molar ratio PCl 5 /phosphazene monomer [37, 38] . Molar masses of 10 5 -10 6 g/mol imposed no problem. The freshly prepared precursor (NPCl 2 ) n acted as a source for numerous differently functionalized polyphosphazenes. All were obtained using the nucleophilic substitution reaction with corresponding alcohols and amines as illustrated in Scheme 4.
Scheme 5 shows a compilation of some substituents which have been applied in our experiments with ion conducting polyphosphazenes. With some bulky substituents, it is difficult to achieve a complete substitution of the chlor-Scheme 3. Synthesis of the chlorinated polyphosphazene by the living polymerization route which is used as a versatile precursor for preparation of organo-functionalized polyphosphazenes [37, 38] . The molar mass is controlled by the ratio of the monomer to the initiator PCl 5 (av. M n = 10 5 -10 6 g/mol [37] ).
Scheme 4.
Preparation of functionalized polyphosphazenes from the precursor polymer (NPCl 2 ) n by polymer substitution reactions from alcohols and amines (primary and secondary).
ine atoms in the precursor (NPCl 2 ) n . This was observed for some secondary amines, long chain alcohols and branched side chains. In such cases, one has to complete the chlorine substitution in a second step by using small size primary amines or alcohols. This is the reason why the polyphosphazene, denoted as BMEAP in Scheme 5, was prepared with two kinds of amine side chains, a branched one and the linear −NHCH 2 CH 2 CH 3 (cf . Scheme 5). Scheme 6 illustrates the variability and the great influence of the particular substitution pattern in polyphosphazenes on their physical properties. The polymers in Scheme 6 were synthesized with the aim to prepare and investigate proton conducting polyphosphazene membranes after introducing acidic sulfonate groups by a sulfonation of the aromatic rings [18] . The Scheme 5. Examples for substituents which were used to prepare functionalized polyphosphazenes for polymer electrolyte investigations with dissolved lithium salts; the abbreviations for the corresponding polyphosphazenes below the chemical formulas are used in the following text.
Scheme 6. Illustration of the variable physico-chemical properties of polyphosphazenes by changing or mixing the substituents [18, 19] ; the three polymer samples have average molecular weights around 10 5 g/mol. photo in Scheme 6 shows a crystalline appearance of the poly[bis-phenoxyphosphazene] (BPP), the mixed statistical substitution (1 : 1) in PMBP results in a liquid product (very low T g ), whereas the third polymer, PTFEP, is a flexible plastic polymer. In the following, several examples will be discussed, which show the detailed influence of the substitution pattern of some polyphosphazenes on the ionic conductivity with dissolved lithium salts. The first example in Fig. 1 shows the temperature dependence of the ionic conductivity of MEEP samples which have been prepared by the living cationic polymerization [37, 38] . The average molar mass was 10 5 g/mol. The polymer was a transparent highly viscous liquid. Two observations can be made: first of all, there is a clear influence of the particular choice of the anion in the lithium salt. LiTf shows almost an order of magnitude lower conductivities as compared to LiTFSI, which is explainable by the higher dissociation of LiTFSI. Second, the maximum conductivities range between 10 −3 and 10 −4 S/cm at room temperature for LiTFSI, which is rather high for a salt-in-polymer system. Blonsky et al. reported a value of 2.2 × 10 −5 S/cm for a similar LiTf concentration at 30
• C which nicely agrees with Fig. 1 [6] .
Figures 2 and 3 show two cases of differently substituted polyphosphazenes with a very short and a rather long sidechain. The question was: Is there a high sensitivity of the measured conductivities with respect to the length of the sidechains? Figure 2 contains conductivity data of JAPP, a polyphosphazene with long polypropylene oxide sidechains bound to the phosphorous of the polyphosphazene via a terminal amino group (cf . Scheme 5) [39] . The average molar mass of the side group alone is 500 g/mol. The conductivity is only The glass transition temperature is rather low (−80
• C) [41] .
a factor of three lower than that of MEEP (with the same lithium salt) whereas polymer electrolytes based on pure polypropylene oxide show conductivities clearly below 10 −5 S/cm) [40] . Obviously, the high segmental mobility of the polyphosphazene backbone is favorable, as well, for an increased mobility of the attached polypropylene oxide sidechains and, hence, for the ion mobility.
BMP in Fig. 3 with the methoxy groups, on the other hand, shows one of the shortest possible functional groups at the phosphorous. The solvating capability for lithium ions may be reduced due to the lower number of donor atoms which may also reduce the dissociation of the salt into cations and anions. However, the mobility of the polymer segments is enhanced. SANS measurements support this: the BMP molecules in the liquid polymer behave like statistical coil molecules [41] . Therefore, it is not surprising that the conductivities of salt solutions in BMP are as high as those of MEEP with dissolved lithium triflate.
Comparing the results for the three different types of side chains of the samples in Figs. 1-3 supports the conclusion that the influence of the sidechains on the conductivities is less important than a high segmental mobility of the backbone.
Accordingly, there was hope that a branched instead of a linear sidechain would not depress the conductivity, but could help to gain mechanical stability of the salt-in-polymer solutions by chain entanglement. In order to test that, a short secondary amine with additional ether oxygen atoms was chosen for the substitution (denoted as BMEAP in Scheme 5) [38] . To guarantee a complete removal of the chlorine atoms of the precursor polymer, a primary amine was added in the final stage of the synthesis. The resulting polymer structure with a mixed substitution is illustrated in Fig. 4 , too.
As expected, a considerable mechanical stability was obtained. The obtained salt-in-polymer membranes were transparent and elastic. The conductivities, however, were rather low. As can be seen in Fig. 4 , the room temperature conductivity for a solution with 10 wt. % lithium triflate amounted to less than 10 −6 S/cm. It is evident that a drastic reduction of the entire segmental motion lead to a considerable decrease of the ionic mobilities, too. Obviously, the lithium cations remain well associated within the small bags formed by the sidechains. This was confirmed by a detailed NMR analysis of the interaction between lithium ions and the BMEAP polymer [42] .
It is well established from many investigations on polymer electrolytes and many other ion conducting systems that, under favorable conditions, the average ionic conductivity can considerably increase after dispersing nanoparticles within the polymer electrolyte. Since the first observations of this effect with PEO based polymer electrolytes [44] , it has been intensely investigated by many authors [45] [46] [47] [48] . Figure 4 shows the result of the dispersion of 4 wt. % Al 2 O 3 nanoparticles in the LiTf/BMEAP system. The ionic conductivity at constant concentration of LiTf was increased by more than one order of magnitude. Its value at room temperature was almost comparable to the conductivity of a corresponding LiTf/MEEP solution.
Note that in conductivity studies of polymer electrolytes, the purity is an important issue. The presence of water has to be excluded by a careful choice of materials and a thorough drying process of as-prepared polymer electrolytes. The determination of remaining water is usually done by Karl-Fischer titration. Another way to determine the water content is by using NMR [49, 50] . The examples presented in this overview are all characterized by careful preparation and drying processes prior to the electrochemical measurements. Details can be found in the cited publications.
Polysiloxane based electrolytes
Compared to the polyphosphazenes, the polysiloxanes possess very similar properties making them attractive for designing stable polymer electrolytes with high ionic conductivities. In particular, they exhibit high segmental mobility, good chemical stability, and like the polyphosphazenes, there is an excellent possibility to modify them with different sidechains by a universal reaction starting from poly[hydromethyl-siloxane] (PDMS) as a precursor polymer. PDMS is available as a cheap product from basic silicon chemistry. Here, PDMS was used with an average length of 35 monomer units. The Si−H groups of PDMS (cf . Scheme 7) were substituted via a platinum catalyzed hydrosilylation. It usually occurs under mild conditions and proceeds with high yield, if the introduced sidechains are not too bulky. Polysiloxanes have been prepared with different sidechains. Scheme 7 shows an example with an oligoethylene oxide. The length of the sidechains was varied over a certain range as denoted in Scheme 7, too. Figure 5 presents temperature dependent conductivity data for two different salts dissolved in OPS(4) where (4) stands for the number of oxygen atoms in the secondary oligoether sidechains. Again, as already observed for polyphosphazenes in Fig. 1 , the symmetric anion of LiBOB facilitates dissociation yielding a rather high conductivity as compared to LiTf.
A drawback of LiBOB, however, is its limited solubility (around 12 wt. %). The charge/discharge processes in a corresponding battery usually leads to a concentration gradient of the salts. Therefore, the concentration polarization during charging/discharging can cause precipitation of solid LiBOB and dam-Scheme 7. Functionalization of PDMS by Pt catalyzed hydrosilylation; Pt(dvs) denotes the applied Karstedt's catalyst [43] . ages the electrode structures. Scheme 8 compiles three further substitution concepts which have been investigated within the polysiloxane class of polymer electrolytes. In most cases, maximum conductivities around 2 × 10 −4 S/cm were reported [51] [52] [53] [54] .
To conclude, the ionic conductivity of salts in polyphosphazenes and polysiloxanes with ether sidechains shows maximum room temperature values around 2 × 10 −4 S/cm. At present, LiTFSI seems to be the best choice in many cases. Nevertheless, the polysiloxanes and polyphosphazenes as described above are viscous liquids and cannot be used as dimensionally stable membranes. Obviously, in that case, one cannot speak of solid polymer electrolytes (SPE), an expression sometimes used for polymeric electrolytes. As the example BMEAP (cf . Fig. 3 ) showed, if sidechains with stronger intermolecular interactions support the formation of self-standing polymer membranes, the segmental mobility will be suppressed more or less leading to a low ion conductivity. Hence, an important task is to find a compromise between contradicting postulates, a good segmental mobility (supporting high conductivity) and a good mechanical stability. This is the topic of the following sections.
Mechanically stable polymer electrolyte membranes with high conductivity
A straightforward way to stabilize a liquid polymer and to obtain a selfstanding membrane is chemical cross-linking of the polymer molecules. There are numerous chemical reactions appropriate for that purpose. For polysiloxanes, a good approach is the sol-gel process, i.e. a catalyzed solvolysis of alkoxysilyl groups in the presence of water or alcohol. It is followed by a condensation reaction forming oxygen bridges between the silicon atoms of different alkoxysilyl group. This type of reaction is also frequently used for the preparation of inorganic-organic hybrid materials, often termed as ORMOCERS ("organically modified ceramics"), where sol-gel processes are applied to couple organic molecules bearing terminal alkoxysilyl groups with hydroxo groups of in-situ formed silica particles [55] .
ORMOCERS with dissolved salts have already been investigated as inorganic-organic hybrid electrolytes for lithium ion cells [55] . Sol gel reactions are usually carried out in the presence of acids or bases as catalysts, or Scheme 9. a) Preparation of oligoether functionalized polysiloxanes T x OPS with additional trimethoxysilyl groups (denoted by T) for sol-gel cross-linking [43] , The chain length of the backbone was typically n = 30-35 (average M n = 2.5 × 10 4 g/mol, T g = 85 • C). The length of the oligoether sidechain was m = 3-5. PE3 to PE7 denote the different cross-linker contents, b) cross-linking via acid catalyzed sol-gel process, c) cross-linking via a DBTL catalyzed reaction (DBTL = dibutyl tin dilaurate).
with active metal complexes as catalysts. Scheme 9 shows the reactions used to prepare cross-linked, polyether grafted polysiloxanes. It is a straightforward application of the hydrosilylation to introduce two types of sidechains for solvation of cations and for sol-gel cross-linking in a one-pot reaction.
An increasing fraction x/n of Si−O−Si bridges after cross-linking leads to a decrease of the segmental mobility and the ionic conductivity. The appearance of the polymer changes from liquid to that of a solid membrane. Hence, the percentage of cross-linking groups for a good compromise between mechanical stability and a sufficient segmental mobility had to be optimized. Figure 6 shows results for the temperature dependent ionic conductivities of Comparison of the conductivities two T 0.1 OPS membranes of the same polysiloxane (HCl catalyzed) with different lithium salts [56] . As the molar mass of LiTFSI is higher compared to LiTf by a factor of 1.8, the molar concentrations of the LiTFSI solutions at the same weight percentage are a factor of about 0.5 lower.
polysiloxanes prepared with different fractions of cross-linking groups (HCl catalyzed). The general observation was that the conductivities at constant salt concentration start to decrease markedly for x/n > 0.1 which is obviously due to the drastic decrease of the segmental motion. Figure 7 compares the results of membranes with two different salts showing again the superior conductivity with LiTFSI. In spite of the cross-linking, the conductivities are still reasonably high.
Dibutyl tin laurate (DBTL) as catalyst gave the best mechanical stability and elasticity of the membranes. This is due to the higher rate and efficiency of cross-linking (nearly 100% of the Si-OCH 3 react). It is not surprising, however, that sol-gel treated polysiloxane membranes when cross-linked with DBTL normally gave markedly lower conductivities than those cross-linked with HCl as comparison between Figs. 7 and 8 shows for the same LiTf concentration (cf . also data for PE 4 in Fig. 6 with the 10 wt. % sample in Fig. 8 ). The conductivity is lower by almost one order of magnitude.
As already mentioned in the context of the results for BMEAP (cf . Fig. 4 ), there were numerous investigations where authors tried to increase the conductivities by dispersing nanoparticles in the polymer electrolytes. In all these cases, the factors responsible for the observed increase of conductivity due to nanoparticles are well-known. A specific adsorption of anions or cations can occur at the particle surfaces depending on the Lewis acid or base character of the surface chemistry. The specific interaction leads to surface charges on the particles, increases the concentration of counterions and supports the dissociation of ion pairs in the neighbouring polymer matrix. This may then change the ionic transference numbers, too. Another well-known fact is that dispersed particles can increase the free volume in the polymer matrix around them, thus giving rise to more segmental mobility and possibly higher ionic mobility, too.
However, for polysiloxane based polymer electrolytes which already show relatively high conductivities, any further enhancement of the conductivity after adding nanoparticles is rather limited. Sometimes, one even observes a decrease as in the case of T 0.1 OPS with LiTf after addition of Al 2 O 3 nanopar- Fig. 9 . Overview over the maximum room temperature conductivities of various polysiloxane based polymers [56] . The first value on the left for LiTf/MEEP is taken from the work of Blonsky et al. for comparison [6] .
ticles [57] . To conclude this section, Fig. 9 gives an overview of the room temperature conductivities of numerous investigated salt-in-polymer electrolytes. It nicely summarizes our conclusions that the conductivities of salt-in-polymer electrolytes (without further additives except the salt!) are restricted to maximum values of around 10 −4 S/cm as long as we speak of high molecular weight polymers (> 10 3 g/mol).
Extended salt-in-polymer concepts using additives and hybrid materials
The results discussed in the preceding sections make evident that an increase of the performance of non-liquid polymer electrolytes demands additional concepts beyond the simple salt-in-polymer approach which relies on amorphous low T g polymers and salts with excellent dissociation. Therefore, it is inevitable to consider the introduction of additional components and materials that can remove the restrictions of the mere salt-in-polymer materials.
The traditional way to soften a rigid polymer network and to increase its local mobility is the addition of small molecules as plasticizers. They fill and enlarge the space between the polymer segments and lower the intermolecular interaction of the polymeric network. In the same way, such dissolved polar molecules will interact with dissolved ions and, in this way, compete with the donor atoms of the polymer chain regarding the solvation of ions. The mobility of ions in corresponding associates between ions and low molecular weight additives is considerably higher than that of ions interacting with polymer sites only. Further, the interaction of highly polar molecular additives with the salt ions will also facilitate the dissociation of more ion pairs.
One should also remember that proton conducting polymer electrolytes used for low temperature fuel cells already apply this principle for a long time. The proton conducting polymers usually contain a great deal of water molecules within channels of the polymer network. The water molecules act as shuttles for the transport of protons between immobile acidic sulfonate groups of the polymer network.
Accordingly, dissolving a larger concentration of small polar molecules in a salt-in-polymer electrolyte is an approach to decouple the ion transport from the slow polymer mobility and should lead to a significant increase of the conductivities This general strategy is closely connected to concepts of polymer based gel electrolytes (30 to 50 wt. % of low molecular weight components) or salt-in-polymer membranes with dissolved ionic liquids both leading to a swollen network with much higher ionic conductivity [58] [59] [60] [61] [62] . In order to stabilize the network it is necessary to apply cross-linking or to use polymers that favor chain entanglement.
The most simple approach is dissolve liquid aprotic polar solvents such as propylene carbonate, ethylene carbonate and others which are already well known as components of current liquid lithium battery electrolytes. But in order to develop electrolytes with higher safety, incombustible molecular additives with low volatility are preferred.
Scheme 10 shows two kind of boric ester additives with short oligoethylene oxide sidechains that were investigated as additives in cross-linked polysiloxanes [57] . Similar experiments combining related esters with other polymer electrolytes can be found in the literature [64] [65] [66] . The electron deficient boron atom acts as a Lewis acid and will therefore interact with Lewis bases and, in particular, with anions. One expects that its presence should increase the dissociation of ion pairs due to the specific interaction with the anions. Further advantages of these boron containing additives are low vapor pressure, high chemical stability, good solubility in the polymer as well as a good plasticizing function. They are available in large amounts and therefore good candidates for modified polymer electrolytes in lithium ion cells. Figure 10 shows results for the temperature dependent conductivities of a sol-gel cross-linked polysiloxane membrane with two different boric acid ester additives. Note that the conductivity with these additives rises to values higher than 0.1 S/cm. Recent experiments showed that this effect may be further increased by higher amounts of the boric acid esters. Indeed, the boric acid esters themselves can be used as solvents for lithium electrolytes [67] . They are characterized by high electrochemical stability.
A further quite different concept beyond the simple salt-in-polymer approach refers back to the phosphazene derived polymers. Hexachlorocyclotriphosphazene, (NPCl 2 ) 3 , is a well available industrial chemical. In close analogy to the organo substituted polyphosphazenes, one can also start (NPCl 2 ) 3 and modify this molecule by the same nucleophilic substitution reactions as used with the chlorine substituted polyphosphazene precursor (cf . Schemes 3 and 4). Hence, a huge variety of different organo substituted cyclic phosphazenes are obtainable. In particular, it is possible through the use of suitable sidechains to form three-dimensional networks as shown in the following. These networks can then act as hosts for incorporation of salts, plasticizers, solvents and further additives as shown in the following [18, 21, 63] .
Scheme 11 shows three examples of synthesized cyclic triphosphazenes. The phosphorous atoms of CVEEP, CVEP and CVMEEP carry substituents with terminal vinyl groups which can be activated for a radical initiated crosslinking (e.g. with organic peroxides as thermally activated radical initiators). In this way, it is easy to build up a stable polymeric network from these substituted cyclic phosphazenes. One can control the rigidity and the degree of cross-linking by choosing mixed substitutions with optimized percentage of cross-linking groups (similar to the strategy applied for optimization of the T x OPS based salt-in-polymer electrolytes, described in the preceding section). The mixed substituted CVMEEP, for instance, contains a statistical distribution Scheme 11. Cross-linkable cyclic triphosphazenes as a different route to mechanically stable polymer electrolytes [63] .
of two kinds of substituents as denoted in Scheme 11. Half of the substituents contain cross-linkable vinyl groups. The advantage of a reduced number of cross-linkable groups is that the resulting membranes are less rigid which is beneficial for the mobility of the polymeric network and, thus, of the salt ions. This was indeed verified, although the conductivities of such membranes with dissolved salt were not superior to the sol-gel cross-linked polysiloxanes (see results for CVEEP and CVEP in Figs. 11 and 12 ) [63] .
The network resulting from cross-linking of the cyclic triphosphazenes is illustrated in Scheme 12 together with a photo of a membrane produced in this way. The procedure leads to very stable polymeric membranes. Incorporation of salts or other additives is easily possible in-situ during the cross-linking reaction. In parallel, Chen-Yang et al. developed a similar electrolyte membrane concept based on functionalized cyclic triphosphazenes [68] . An earlier work of Inoue et al. used a related chemistry with a graft-copolymer of polystyrene and functionlized triphosphazenes [69] .
Scheme 12.
Illustration of the network formed by cross-linking of CVEEP, the inserted photo gives an impression of the as-prepared membranes [63] . Fig. 11 . Comparison of the conductivities of solutions of LiTf in a closely cross-linked CVEEP network and in a hybrid membrane containing 50% MEEP besides the network forming CVEEP [63] . Figure 11 shows the conductivity of a CVEEP membrane with LiTf. Figure 12 gives data for a CVEP membrane with LiTFSI. Again, the material with LiTFSI yields much better conductivities. However, our idea in developing these cyclomatrix networks was to apply them for a hybrid concept with liquid MEEP. As the conductivity of liquid MEEP and OPS cannot be retained after cross-linking, we prepared hybrid systems by confining MEEP within the cyclomatrix network of CVEEP or CVEP. Figures 11 and 12 contain results on a hybrid system consisting of the above described substituted cyclic triphosphazenes as network former and a considerable percentage of free MEEP as low T g polymer (see formula in Scheme 5). One observes an increase of the conductivity by up to two orders of magnitude [63] .
The polymer hybrid concept turns out to be an attractive idea to achieve the desired properties "high mechanical stability and high conductivity" by combining the properties of different components. MEEP induces a high local segmental mobility and thus guarantees an optimized conductivity. As Fig. 12 demonstrates, the conductivities of salt solutions in CVEP/MEEP and in pure liquid MEEP are not much different. The great advantage lies in the achieved high mechanical stability of the CVEP/MEEP hybrid membrane. This proves that dividing mechanical stability and high conductivity between two different components in a hybrid material is indeed a very good strategy.
Transport and electrochemistry

Mechanistic considerations and limitations of the ionic mobilities
The results in Figs. 6-8 are typical for the temperature dependence of the total conductivity of polymer electrolytes at low and medium temperatures which clearly deviates from an Arrhenius plot. Often, the empirical Vogel-TammannFulcher equation (VTF equation) is used to describe and to fit the temperature dependence of the ionic conductivity as given by
A 0 , B and T 0 are empirical constants. A consistent theoretical model to calculate these three parameters and to interpret them in terms of a transport mechanism is not available. However, a quantitative interpretation of the temperature dependent ion conductivity of polymers has been developed within the MIGRATION concept of Funke and coworkers [57, [70] [71] [72] . It offers an excellent access to a quantitative description of the microscopic dynamics of ion movement in glasses and polymers. A fundamental result of the MIGRA-TION concept is that the conductivity σ DC at low frequencies can be written as the product of the high frequency conductivity σ HF (T ) and a temperature dependent function W ∞ (T ) according to
Here, W ∞ (T ) denotes the fraction of successful hops for a given temperature. The low frequency range used for measurements of the DC conductivity with impedance spectroscopy typically comprises 10 kHz to 0.1 Hz. Analysis of the high frequency range yields the frequency dependent complex conductivity which has been analyzed in detail for several polysiloxane based polymer electrolytes recently [57] . In molten salts and salt-in-polymer electrolytes, where the ion-sites are not predefined and where the network is not immobile, the HF conductivity is Arrhenius activated, while the DC conductivity is not. σ HF (T ), accordingly it can be written as
Besides α, the pre-exponential factor, E * is the activation energy required for an elementary displacive step. The model of Funke et al. finally yields the following temperature dependence for the DC conductivity:
where in addition to the short range energy barrier E * , the parameters γ and K determine the temperature dependence. Figure 13 shows results of analyzing data from extended frequency dependent conductivities for cross-linked T 0.1 OPS with 15 wt. % LiTf in terms of the MIGRATION model Eq. (4) [57] (same sample as in Fig. 8 ). The three parameters of Eq. (4) are obtained as: E * = 0.258 eV, ln(α) = 5.487, γ = 14.9 × 10 −3 , and K = 2.1. Fig. 13 . Temperature dependent DC conductivity and high frequency conductivity derived from frequency dependent measurements followed by a detailed analysis using the MIGRATION concept [57] .
As already mentioned, the investigations on polysiloxane and polyphosphazene based electrolytes support the conclusion that it is impossible for cross-linked salt-in-polymer membranes to achieve higher conductivities than those obtainable for the liquid polymer systems. Only an extension towards composite or hybrid systems leads to higher values by decoupling the ion mobility from the polymer. It is useful to discuss the background. The limit is caused by the restricted local thermal motion of polymer segments in polymers with high molecular weights and the absence of fast diffusion of the entire polymer molecule. As long as the mobile ions interact with the polymer network, one cannot circumvent this problem. According to Walden's rule for electrolyte solutions, the ionic mobility of liquid electrolytes is expected to change nearly proportional with the inverse of the solvent viscosity according to
This also holds for polymeric solvents, as long as they are amorphous, not cross-linked and their temperature is above T g . However, an additional correction factor has to be introduced, if the salt dissociation is not complete. Nevertheless, it is useful for a rough estimate in the case of almost liquid polymers such as low T g polysiloxanes. Liquid hexamethyl-disiloxane, for instance, has a viscosity which is similar to that of water or propylene carbonate at ambient temperature. It is therefore not surprising that salts dissolved in tri-or tetrameric siloxanes with oligoether sidechains reach good conductivities of around 5 × 10 −4 S/cm [73] . The viscosity of polymer melts scales with a power of the molar mass. Statistical models suggest
Hence, an increase in molar mass bei one order of magnitude from 10 2 g/mol to 10 3 g/mol should increase the viscosity by about three to four orders of magnitude, lowering the ionic mobility by a corresponding factor. A lower degree of dissociation will lead to a further decrease. This is supported by the experiences with polyphosphazenes and polysiloxanes. Polymer electrolytes based on polysiloxanes (M n = (6-11)× 10 3 g/mol) tended to show lower viscosities than the polyphosphazenes (M n = 2 × 10 4 to 5 × 10 5 g/mol). Therefore, the slightly higher ionic conductivities of typical polysiloxanes (containing the same salt) can be explained by the lower molar mass. Accordingly, the conductivity of salt-in-polymer solutions can be increased using polymers with relatively low molar mass (if not cross-linked!). This is indeed the case as examples from recent publications for electrolytes with functionalized low molecular weight siloxanes show [51, 54, 55, [73] [74] [75] [76] [77] . The problem of missing mechanical stability cannot be circumvented in this way. But a combination of low molecular weight solvents with cross-linked host polymer networks in hybrid membranes seems to be a promising strategy.
Ionic transference numbers
Apart from the total ionic conductivity, two further electrochemical parameters of polymer electrolytes are as important as the total conductivity for the use in lithium ion cells, i.e. the transference numbers of lithium ions and the electrochemical stability window. The total conductivity as measured by standard impedance spectroscopy (1-10 kHz) does not reveal the relative contribution of cations and anions to the charge transport. This information has to be determined by an independent measurement. Several techniques have been developed and published for polymer electrolytes [78] [79] [80] [81] [82] [83] .
The transference number of lithium ions expresses the amount of charge transport due to lithium ions under steady state conditions in lithium ion cells. If the mobilities of cations and anions of a lithium salt LiX were identical for all concentrations, the transference number should be 0.5, i.e. the efficiency of lithium ion transport during a steady state discharging of a lithium cell is half of that calculated from the total conductivity alone. The internal resistance is a factor of two larger than calculated from the total conductivity.
The following definition of a lithium transference number is usually found in textbooks and publications: Under charge flow, in general, a concentration gradient exists in the electrolyte. Then, the value of t Li + becomes a function of the position within the electrolyte, if the mobilities depend on the concentrations of the ions. Under these conditions, Eq. (6) is a local definition. However, for lithium ion cells, it is more interesting to describe the transference of lithium ions under the non-equilibrium conditions of steady-state charging/discharging. Corresponding experiments mostly compare the total current just after switching-on (time t = 0) a polarizing voltage in an initially homogeneous symmetrical cell (with the electrolyte between two Li metal electrodes) with the steady-state current reached for long times, i.e. t → ∞. The steady-state is characterized by a vanishing anion current (if no decomposition of the electrolyte occurs) so that the total current corresponds to a net lithium ion transport.
Hence, an experimental definition of a local transference number under these conditions is:
where i tot denotes the total electrical current density and i Li + and i X − are the partial ionic current densities of the cations and anions. t Li + becomes identical with Eq. (6) in the limit i tot → 0. In a charging or discharging process of a lithium ion cell, only the lithium cations take part in the electrode reactions. Under this condition, the boundary condition requires that the partial anion current density vanishes at the electrode/electrolyte interface. In the particular case of a steady state charging/discharging, this will hold throughout the entire electrolyte and implies the presence of a salt concentration gradient as shown in the following. The general expressions for the local partial ionic current densities are
F denotes Faraday's constant,μ Li + andμ X − denote the electrochemical potentials of cations and anions. Additional conditions are the expressions for the total electrical current density i tot and the chemical potential of the salt μ LiX given by
From the four equations in Eqs. (8) and (9), one derives
The chemical diffusion coefficientD salt of the salt (also: interdiffusion coefficient or ambipolar diffusion coefficient of the salt) in Eqs. (10) explicitly corresponds to the following expression as the derivation from Eqs. (8) and (9) shows:
As usual, the thermodynamic activity of the salt, a LiX , is a function of the chemical potential μ LiX of the salt according to μ LiX = μ 
if i X − = 0, i tot = i Li + (steady state)
As mentioned above, one has to distinguish between the net salt concentration c salt and the concentration c LiX = (1 − α)c salt of undissociated LiX ion pairs.
In general, at high concentration gradients, ionic mobilities and transference numbers will depend on the position in the electrolyte between the electrodes. Hence, the concentration gradient, in general, will not be a linear function of the position. The calculation of an averaged transference number for higher current densities in Eq. (7) has to be done by integrating over the electrolyte thickness. Equation (8) states, as expected, that the undesired concentration polarization at high current densities is minimized by choosing an electrolyte with the highest possible lithium cation mobility, or for t Li + → 1.
However, the common experience with salt-in-polymer electrolytes is, if no additives or low molecular weight solvents are used, that the anion mobility is considerably higher than that of the lithium cations. Apart from that, one observes a considerable concentration of undissociated ion pairs [23, 24, 66, 84] . The typical transference numbers of lithium ions in such salt-in-polymer electrolytes are markedly below 0.5, typically 0.2-0.3 [84] . Results obtained with pulsed field gradient NMR even showed that the diffusion of ion pairs is much higher than that of free anions and cations (cf . results and extended discussion with respect to polysiloxane based electrolytes in Sect. 4 of Kunze et al. [24] ). Under these conditions, the net lithium ion transport in the steady state may be dominated by a coupled countertransport of ion pairs and anions (which show considerably faster diffusion than the lithium cations as proved by NMR measurements for polysiloxanes [23, 24] and PEO [66] ). Under these conditions, mass conservation leads to the following net partial current densities of cations and anions which include the a contribution of neutral ion pairs LiX (an extended treatment of the background within the framework of irreversible thermodynamics can be found in [85, 86] ):
The consequence of the possibility of neutral ion pair transport is to open up an additional path for a net Li + ion transport by a transport of LiX in one direction and a coupled transport of anions X − in the opposite direction. Using the Eqs. (13) as a starting point, the following expressions for the transference number and for the chemical diffusion coefficient result for the transference number in electrolytes with incomplete dissociation and non-negligible fast ion pair diffusion:
with the abbreviation:
Equations (14) and (15) yield in the limit of a very small, negligible mobility of free lithium ions
Using Eq. (16) instead of Eqs. (7) and (11) in the condition for vanishing anion current density, shows that, in principle, it seems to be an alternative solution towards fast lithium transport and high lithium transference, if a polymer with very fast diffusion of both, cation-anion pairs and free anions, could be found. This, however, has not yet been investigated. To conclude, for estimating the properties of polymer electrolytes in a battery, the transference numbers of lithium ions have to be known. The total conductivities of amorphous salt-in-polymer electrolytes without additives range between 10 −4 and 10 −5 S/cm. With transference numbers below 0.3, non-negligible concentration gradients will appear which considerably depress the efficiency of polymer electrolytes under steady-state conditions during charging/discharging. Increased salt concentration gradients in a high voltage battery may cause the risk of a serious loss of charge capacity due to precipitation of solid salt within the porous electrode structure on the high salt concentration side.
One of the most important tasks for the near future is therefore to develop composite and hybrid electrolytes with high lithium transference. Interestingly, an increase of the transference number of lithium ions has been achieved by dispersing nanoparticles, or by dissolving crown ethers or other molecules with specific ionic interactions [48, 87, 88] . A completely different approach was suggested and investigated by Bruce et al. which relies on ordered domains of PEO based electrolytes with fast transport of lithium ions along helix channels formed by the PEO backbone [89, 90] . Several investigations have proved a favorable influence of ordered domains in PEO [91, 92] .
Stability of polymer electrolytes based on polysiloxanes and polyphosphazenes in lithium ion cells
Electrochemical stability in the potential range of interest is a required key property for a lithium battery electrolyte. The electrochemical stability is defined as the voltage range (vs. Li/Li + reference) where the electrolyte is stable vs. oxidation or reduction at the electrodes. Values of 4.0-4.5 V are absolutely necessary. As practically no solvent molecule is thermodynamically stable in such a large activity gradient (corresponding to 70-78 decades of the lithium activity), the materials rely on kinetic stability due to the formation of electrode/electrolyte interlayers (SEI = solid/electrolyte interphase) or simply on metastability and slow reaction kinetics. One of the future strategies to achieve higher energy densities in lithium batteries aims at even higher cell voltages. Hence, development of novel solvents, lithium salts and additives with enhanced high voltage stability is an important task.
The electrochemical stability of the organo-functionalized polysiloxanes and polyphosphazenes was investigated under the conditions of lithium cells. A conventional closed three electrode cell was used consisting of an inert working electrode (Ni, Pt) according to Li|electrolyte membrane|Ni (or Pt)
Metallic lithium was applied as material for the counter and reference electrodes. The polymer electrolyte was measured in the form of a cross-linked elastic membrane with a thickness around or below 100 μm. The interface between the electrolyte membrane and the electrodes was kept under light pressure by spring loading. Several different materials were tested as working electrodes. The final materials were chosen in order to minimize any corrosion or dissolution of the working electrode during the experiments. Cyclic voltammetry curves were taken at 70
• C in order to minimize the electrolyte resistance. Figure 14 shows a typical curve of cyclic voltammetry at 70
• C for a polysiloxane based membrane with dissolved LiBOB (cf . Scheme 2). It is contains separate voltage scans in the high and the low potential range, each one starting at a medium potential near 3 V (vs. Li/Li + ). As the chemical diffusion coefficients of the salts within the polymer are low, the sweep rates were kept small. The peaks around 0 V in Fig. 14 are caused by lithium plating on nickel. The reverse peaks near 0 V show the re-dissolution of lithium ions into the electrolyte. Anodic oxidation sets in at about 4.6 V accompanied by exponential current increase for potentials larger than 5 V. This reaction is due to the oxidation of the oligoether sidechains and is in agreement with results of other authors for PEO and graft-copolymers of PEO with other backbones. As can be inferred from Fig. 14 , polysiloxane based electrolytes are stable with the currently used lithium anode and cathode materials (e.g. LiFePO 4 : 3.3-3.6 V). Figure 15 shows corresponding results for a polymer electrolyte made from a cross-linked MEEP membrane. In this example, LiDFOB was the dissolved salt (cf . structure of LiDFOB in Scheme 2). It becomes evident that the oxidation limit of the MEEP membrane extends to even higher potential values as compared to the polysiloxane. This observation was valid for all comparable experiments with polysiloxanes and polyphosphazenes. Thus, one can conclude that the oxidation of the sidechains at the polyphosphazenes is more hindered and slower. It is not easy to explain that as the oligomeric ether sidechains were the same. Possibly, the oxidation products at the interface form a better stabilizing film with polyphosphazene than with polysiloxane. The peaks at the low potential end of the voltage scale around 0 V in Fig. 15 are sharper, because the membrane thickness and therefore also the polymer electrolyte resistance were rather small as compared to the polysiloxane in Fig. 14. Both examples in Figs. 14 and 15 give a clear statement that the electrochemical stability of polysiloxanes and polyphosphazenes is suitable for an application in lithium batteries. At present, an increasing number of experimental results are available which prove that hybrid or gel type electrolytes prepared with polyphosphazenes and polysiloxanes can attain sufficient ionic conductivities with the help of low molecular weight additives and show excellent cycling stability. They are easily produced as thin films with excellent adhesion on the current anode and cathode materials of lithium cells.
Final remarks
One of the conclusions of the research on polyphosphazenes and polysiloxanes is that the intrinsic limitations of ionic transport due to coupling to the polymer mobility limits the conductivities at room temperature to values around 0.1 mS/cm or only slightly higher. For liquid polysiloxanes and polyphosphazenes with low T g , a possibility exists to reduce the viscosity by choosing rather low molar masses (significantly below 10 3 g/mol). Of course, the consequence is that one leaves the field of polymers. In order to use the advantage of polymer chemistry with respect to mechanical stability and safety, the necessarily enhanced intermolecular interaction or cross-linking inevitably slows down the molecular mobility and with it the ion mobility. Nevertheless, as the results described in this article showed, electrolytes made of cross-linked polymer membranes can be optimized by making use of composite and hy-brid concepts. The dispersion of nanoparticles alone is not enough to achieve conductivities and ion mobilities as those found in liquid electrolytes. But, incorporation of low molecular weight additives has a great influence and can decouple the ion transport from the polymer network in the background. In this context, concepts of nano-or micro-structured polymer networks such as foams or ordered pore channels become quite interesting if combined with a low viscosity additive. To conclude, polymer based electrolyte concepts remain attractive for application in batteries. There is a good perspective that suitable electrolytes will be designed for the next generation of lithium batteries.
